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1 INTRODUCTION 
Currently, LSF wall and floor systems are increas-
ingly used in low-rise and multi-storey buildings. 
Fire rating of LSF wall and floor systems is provided 
simply by adding more plasterboards. Figure 1 
shows the use of gypsum plasterboards in LSF wall 
systems. Currently LSF wall and floor systems are 
made of cold-formed thin-walled steel lipped chan-
nel sections and gypsum plasterboards. Under fire 
conditions, these thin steel stud and joist sections 
heat up quickly resulting in fast reduction in their 
strength and stiffness. Therefore they are commonly 
used in LSF wall and floor systems with plasterboard 
linings used as fire protection (Figure 1). Gypsum 
plasterboard protects steel studs and joists during 
building fires by delaying the temperature rise. 
Many researchers attempted to improve the fire 
ratings of LSF wall systems by using different types 
of insulations in the wall cavities. However, contra-
dicting results were obtained. Sultan (1995) per-
formed full scale fire resistance tests of non-load 
bearing gypsum board wall assemblies and found 
that whenrockwool was used as cavity insulation the 
fire resistance rating increased by 54% over the non-
insulated wall assemblies while glass fibre did not 
affect the fire performance. Kodur and Sultan (2001) 
found that the insulation type, number of gypsum 
board layers and stud-spacing have a significant in-
fluence on the fire resistance of steel wall assem-
blies. They showed that cavity insulation was detri-
mental to the fire rating. Feng et al. (2003) found 
that the thermal performance of cold-formed thin-
walled steel channel wall panels was not affected by 
the type of insulation and that the thermal perform-
ance of wall panels improved with the use of cavity 
insulation. 
 
 
 
(a) Cavity Insulted LSF Wall 
 
 
 
 
 
(b) New composite LSF wall panel (Kolarkar and Mahendran, 2008). 
Figure 1.  LSF wall system. 
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ABSTRACT: Fire safety of light gauge cold-formed steel frame (LSF) wall systems is significant to the build-
ing design. Gypsum plasterboard is widely used as a fire safety material in the building industry. It contains 
gypsum (CaSO4.2H2O), Calcium Carbonate (CaCO3) and most importantly free and chemically bound water 
in its crystal structure. The dehydration of the gypsum and the decomposition of Calcium Carbonate absorb 
heat, which gives the gypsum plasterboard fire resistant qualities.  Recently a new composite panel system 
was developed, where a thin insulation layer was used externally between two plasterboards to improve the 
fire performance of LSF walls. In this research, finite element thermal models of both the traditional LSF wall 
panels with cavity insulation and the new LSF composite wall panels were developed to simulate their thermal 
behaviour under standard and realistic design fire conditions. Suitable thermal properties of gypsum plaster-
board, insulation materials and steel were used. The developed models were then validated by comparing their 
results with fire test results. This paper presents the details of the developed finite element models of non-load 
bearing LSF wall panels and the thermal analysis results. It has shown that finite element models can be used 
to simulate the thermal behaviour of LSF walls with varying configurations of insulations and plasterboards. 
The results show that the use of cavity insulation was detrimental to the fire rating of LSF walls while the use 
of external insulation offered superior thermal protection. Effects of real fire conditions are also presented. 
 
Cavity 
Plasterboard Studs Insulation 
Plasterboard Studs Cavity Insulation 
In summary, past research has provided contra-
dicting results about the benefits of cavity insulation 
to the fire rating of LSF walls and further research is 
needed. There is also a need to develop new wall 
systems with increased fire rating. Hence Kolarkar 
and Mahendran (2008) developed a new composite 
LSF wall panel system in which a thin insulation 
layer was used externally between plasterboards in-
stead of the conventional cavity insulation. Figure 
1(b) shows the composite LSF panel while Figure 
2(a) shows the cavity insulated LSF wall system.  
 Kolarkar and Mahendran (2008) found that com-
posite LSF wall panels provided a better quality 
thermal envelope than the cavity insulated LSF wall 
panels. They conducted a series of fire tests to inves-
tigate the thermal performance of non-load bearing 
LSF wall panels made of the new composite panels 
under standard fire conditions. However, numerical 
studies on the thermal performance of these non-load 
bearing LSF wall panels were not conducted. Hence 
numerical analyses were performed to investigate the 
thermal performance of the new non-load bearing 
LSF wall panels under standard and realistic fire 
conditions. This paper presents the details of the 
numerical study of the thermal performance of new 
non-load bearing LSF wall panels under fire condi-
tions. It includes the details of finite element models 
of non-load bearing LSF wall panels, the thermal 
analysis results under standard and real fire condi-
tions, and their comparisons with fire test results.  
2 THERMAL PROPERTIES  
In order to develop suitable finite element models of 
Australian gypsum plasterboards, thermal properties 
of gypsum plasterboards were summarized based on 
test results (Keerthan and Mahendran, 2010) and 
past research (Thomas, 2010; Cooper, 1997). These 
proposed thermal properties were used in the finite 
element models (SAFIR) (Franssen et al., 2004). 
Figure 2(a) shows the proposed thermal conductivity 
of gypsum plasterboard. In order to include the effect 
of ablation, the thermal conductivity of plasterboard 
was modified to 0.80 W/m/K at 1200ºC. 
Past research showed some discrepancy in rela-
tion to the second dehydration reaction. However, it 
is concluded that the first and second dehydrations 
occur at 100 to 150ºC and 150 to 200ºC, respec-
tively, based on our experiments (Keerthan and 
Mahendran, 2010). Decomposition of Calcium Car-
bonate occurs at 670ºC, which is similar to Wakili et 
al.’s (2007) observation. These outcomes including 
the third peak to simulate the effect of decomposi-
tion of Calcium Carbonate were used in the pro-
posed specific heat versus temperature curves. Fig-
ure 2(b) also shows the proposed specific heat values 
as a function of temperature and compares them with 
test and other researchers’ specific heat values 
(Thomas, 2010; Cooper, 1997). Further details of the 
proposed thermal properties of plasterboards are 
given in Keerthan and Mahendran (2010). The spe-
cific volumetric enthalpy of gypsum plasterboard is 
given by the area under the specific heat multiplied 
by the density versus temperature curve. The pro-
posed specific volumetric enthalpy values were used 
as input to SAFIR in our thermal analyses.                                                                         
Keerthan and Mahendran (2010) recommended a 
convective coefficient (h) of 25 W/m
2
/K for the ex-
posed side of plasterboard and 10 W/m
2
/K for its 
unexposed side. They recommended 0.9 as emissiv-
ity of plasterboard for both exposed and unexposed 
surfaces. When the proposed thermal properties were 
used in SAFIR, the time-temperature profiles agreed 
well with Kolarkar’s (2010) fire test results. 
(a) Thermal conductivity  
(b) Specific Heat 
Figure 2. Proposed thermal properties of plasterboard. 
 
The new composite LSF wall system was devel-
oped with glass fibre or rockwool or cellulose fibre 
insulation sandwiched between the plasterboard lay-
ers. In order to develop suitable finite element mod-
els of composite panels, thermal properties of insula-
tion were summarized based on our experimental 
results and past research work (Thomas, 1997;  Al-
fawakhiri, 2001). When the proposed thermal con-
ductivity and specific heat values of rockwool, glass 
fibre and cellulose fibre were used as input to the 
numerical models based on SAFIR, the time-
temperature profiles agreed well with fire test results 
from Kolarkar (2010). Further details of the pro-
posed thermal properties of insulation materials and 
the specific heat test procedures are reported in 
Keerthan and Mahendran (2010).  
The temperature increase of a steel member is a 
function of its thermal conductivity and specific heat 
of steel. The precision in the determination of ther-
mal properties of steel, such as specific heat and 
thermal conductivity, has little influence on the 
thermal modelling of LSF walls under fire condi-
tions since steel framing plays a minor role in the 
overall heat transfer mechanism of the LSF wall as-
sembly (Alfawakhiri, 2001). The properties of steel 
within the SAFIR code are obtained from those 
given in Eurocodes (ECS, 1995). 
3 EXPERIMENTAL STUDIES 
In order to investigate the thermal performance of 
non-load bearing LSF wall panels, nine fire tests of 
small scale panels of dimensions 1280 mm x 1015 
mm were conducted by Kolarkar (2010). The wall 
assemblies typically consisted of three commonly 
used cold-formed steel lipped channel section studs 
(90x40x15 mm) spaced at 500 mm. The studs were 
fabricated from galvanized steel sheets (G500) hav-
ing a nominal base metal thickness of 1.15 mm and a 
minimum yield strength of 500 MPa. Test specimens 
were built by lining the test frames with one or two 
layers of gypsum plasterboards manufactured by Bo-
ral Plasterboard. The plasterboards used were 1280 
mm x 1015 mm with a thickness of 16 mm and a 
mass of 13 kg/m
2
. There were three groups of wall 
specimens made of (1) no insulation (2) cavity insu-
lation and (3) external insulation (composite panels). 
Three insulation materials, glass fibre, rockwool and 
cellulose fibre were used. Further details of the test 
specimens are provided in Kolarkar (2010). 
Tests were conducted using the standard fire 
curve in AS 1530.4. One face of the test specimens 
was exposed to heat in a propane-fired vertical gas 
furnace. Figure 3 shows the fire test set-up of non-
load bearing wall panels. Time-temperature profiles 
at various locations across the specimen thickness 
were measured during the tests using thermocouples. 
Test Specimen 3 (No cavity insulation), Test 
Specimen 4 (Glass fibre cavity insulation), Test 
Specimen 5 (Rockwool cavity insulation) and Test 
Specimen 6 (Cellulose fibre cavity insulation) were 
subjected to heat in the furnace for slightly more 
than three hours. Kolarkar (2010) identified that 
Plasterboards 1 and 2 (fire side) in Specimen 3 were 
about to fall off whereas they had partially fallen off 
in Specimens 4 to 6. The studs of Specimen 3 were 
in good condition whereas those in the cavity insu-
lated specimens were severely damaged, in particu-
lar, Specimen 6 using cellulose fibre as cavity insu-
lation (Figures 4b). The unexposed surface of all the 
specimens showed no signs of damage until the end. 
Figure 4 shows the failure modes of LSF wall. 
 
 
 
 
 
 
 
 
 
 
 
 
The cold-formed steel frames were not twisted or 
bent in Test Specimens 7 to 9. LSF walls with exter-
nal insulation provided a greater fire protection than 
those with cavity insulation (Kolarkar, 2010). 
Test specimens 3 to 9 were very stable with the 
ambient side temperature well below the insulation 
failure temperature of 165
0
C throughout the test i.e. 
no insulation failure. Tests were discontinued after 
about 3 hours of exposure to the furnace heat. In 
some of these tests, fire side plasterboards fell-off 
(Test Specimens 3 and 7 to 9) with thermal bowing 
deformations towards the furnace while in others the 
studs suddenly deformed laterally away from the 
furnace due to the softening and consequent local 
buckling of hot flanges and associated breaking of 
plasterboards. Such events can quickly lead to integ-
rity failure or the collapse of the wall with rapid rise 
in steel stud temperatures. Therefore in these tests, 
the wall can be considered as failed when the studs 
reverse their lateral deformation or when the external 
plasterboards collapse, whichever occurs first. Based 
on this assumption, Table 1 shows the failure times.  
It indicates that the failure time of Test Specimen 3 
(non-insulated LSF wall) is 180 minutes while those 
of Test Specimens 4 to 6 (Cavity insulted LSF wall) 
are 125, 145 and 145 minutes, respectively.  Hence 
the use of cavity insulation can be considered detri-
mental to the fire rating of walls. Table 1 also shows 
that the failure times of Test Specimens 7 to 9 (Ex-
ternal insulted LSF wall) are 198, 200 and 163 min-
utes, respectively. This shows the superior thermal 
protection to studs through the use of external insu-
lation than in the case of cavity insulated and non-
insulted LSF walls (125 and 180 versus 200 mins). 
 
 
Figure 3: Experimental set-up 
 
Table 1. Failure times of test specimens (Kolarkar, 2010). 
 
Test 
No. 
Description 
Failure 
Time (min) 
Failure Type 
1 Single 16mm Plasterboard 89 Insulation 
2 
Single 16 mm  Plasterboard 
with Vertical Joint 
92 Insulation 
3 Two 16 mm  Plasterboards 180 Pb2 Collapse 
4 
Two 16 mm  Plasterboard with 
Glass Fibre Cavity Insulation 
125 Stud Collapse 
5 
Two 16 mm  Plasterboard with 
Rockwool Cavity Insulation 
145 Stud Collapse 
6 
Two 16 mm  Plasterboard with 
Cellulose Fibre Cavity Insulation 
145 Stud Collapse 
7 
Two 16 mm  Plasterboard with 
Glass Fibre External Insulation 
198 Pb2 Collapse 
8 
Two 16 mm  Plasterboard with 
Rockwool External Insulation 
200 Pb2 Collapse 
9 
Two 16 mm  Plasterboard with 
Cellulose Fibre External Insulation 
163 Pb2 Collapse 
 
 
 
 
   
  
 
Figure 4. Failure modes of LSF walls (Kolarkar, 2010). 
4 NUMERICAL STUDIES 
4.1 General 
This section presents the details of the numerical 
studies into the thermal behaviour of the tested non-
load bearing LSF wall panels and their results. Re-
cently many numerical heat transfer models have 
been developed (SAFIR, 2004; Alfawakhiri, 2001). 
There are also many general finite element packages 
that can be used for thermal analyses. The finite 
element model employed in this study to predict the 
thermal behaviour of non-load bearing LSF wall 
panels was based on SAFIR (2004). SAFIR is a spe-
cial purpose finite element program for the analysis 
of structures under ambient and elevated temperature 
conditions. In this research the GID software was 
used to create the input file for the models as well as 
analysing the model output results. 
4.2 Thermal boundary conditions and material 
properties 
The heat flux at the boundary will be calculated from 
the temperature of the fire curve Tg and the tempera-
ture on the surface Ts according to Equation (1). 
                                (1)                                                            
                             
where q is the total heat flux, ε is the relative 
emissivity, σ  is the Stefan–Boltzmann constant 
(5.67E−08W/m2/K4), Tg and Ts are the gas and sur-
face temperatures, respectively. For fire exposure to 
the standard cellulosic curve, Tg = 345log(8t+1)+20. 
Convective heat transfer coefficient (h) is approxi-
mately 25 W/m
2
K on the fire exposed side, and it is 
10 W/m
2
K on the unexposed side. Emissivity of 0.9 
was used for both exposed and unexposed surfaces. 
Default thermal properties (specific heat and thermal 
conductivity) for both Type X and Type C gypsum 
plasterboards within SAFIR are based on Cooper’s 
(1997) research. However, the proposed thermal 
properties in Section 2 were used in this research. In 
order to investigate the thermal performance of non-
load bearing LSF walls, finite element models of 
Kolarkar’s (2010) test wall panels were developed. 
Figure 5 shows the finite element models of Test 
Specimen 8. Here two voids were created to transfer 
the heat through radiation and convection. Elements 
surrounding an internal void were assigned in the 
counter clockwise direction. The developed finite 
element models were validated using the fire test re-
sults of non-load bearing LSF walls (Kolarkar,2010). 
 
 
 
 
 
 
Figure 5. Finite element modelling of LSF wall panel (Test 8). 
4.3 Validation of finite element models of LSF walls  
It is necessary to validate the developed finite ele-
ment models for the thermal analyses of non-load 
bearing LSF walls. This was achieved by comparing 
the time-temperature profiles with the corresponding 
fire test results of non-load bearing LSF walls (Ko-
larkar, 2010). Figures 6 (a) to (c) and Figure 7 show 
the finite element analysis (FEA) results in the form 
of temperature versus time for selected non-load 
bearing LSF wall specimens and compare them with 
corresponding test results (Kolarkar, 2010). The av-
erage temperature profiles of the studs were consid-
ered in the comparison of test and FEA results. 
These figures indicate that the developed finite ele-
ment models predict the time-temperature profiles of 
non-load bearing LSF walls with good accuracy. 
Comparisons were also made for other LSF wall 
specimens and a similar level of agreement between 
FEA and test results was obtained in all the tests. 
Finite element analyses clearly show that the 
temperature gradients across the steel studs and as-
sociated thermal bowing effects are larger when cav-
ity insulation is used in comparison to other cases 
(Figure 6(b)). Hence it is considered that the use of 
cavity insulation is detrimental to the fire rating of 
)()( 44 sgsg TTTThq  
(a) Test 3                          (b) Test 6                             (c) Test 9 
walls as also shown by fire tests. Figure 6(c) shows 
that the new composite LSF wall panels using exter-
nal insulation lead to reduced temperatures in steel 
studs at any given time and a more uniform tempera-
ture distribution across their cross-sections, thus 
producing minimum early lateral deformation (ther-
mal bowing). For example, the results show that  in 
Specimen 4 with glass fibre cavity insulation the hot 
(HF) and cold flange (CF) temperatures are 570
o
C 
and 290
o
C after 120 minutes while in Specimen 7 
with glass fibre external insulation they are 360
o
C 
and 260
o
C (Figures 6(c) and 6(b)). Hence it is clear 
that the use of external insulation is able to provide 
much greater thermal protection to LSF steel studs 
than cavity insulation. All of these findings thus con-
firm the observations made in Kolarkar’s (2010) fire 
tests. It is noted that non-load bearing LSF walls ex-
posed to fires are affected by processes not described 
by heat transfer such as ablation of plasterboard and 
insulation, migration of moisture vapours and pene-
tration of cool ambient air or hot furnace gases into 
the cavity.  These processes were taken into account 
through the use of suitable thermal conductivity val-
ues for plasterboard and insulations (Section 2).  
In summary, the comparisons between FEA and 
fire test results have established the validity of the 
finite element models in simulating the thermal be-
haviour of non-load bearing LSF walls and the accu-
racy of the values used for relative emissivity, con-
vective coefficient and other thermal properties. The 
results from FEA also produced valuable time-
temperature data and an improved understanding of 
the thermal performance of non-load bearing LSF 
wall panels using cavity and external insulations.  
 
 
 
 
 
 
 
 
                                    
 
 
 
 
                              
 
 
 
 
 
 
Figure 6. Time-temperature profiles of test specimens 
(Steel stud). 
 
 
 
 
 
 
 
 
 
 
Figure 6. Time-temperature profiles of test specimens 
(Steel stud). 
 
Figure 7. Time-temperature profiles of Test Specimen 2 
(Plasterboard). 
5 REAL DESIGN FIRE CURVES 
The standard time-temperature curve does not repre-
sent the modern accessories in typical residential and 
commercial buildings that are made of thermoplastic 
materials. Therefore finite element analyses were 
performed using the recently developed realistic de-
sign fire curves (Ariyanayagm, 2010) based on the 
parametric curves in Eurocode 1 Part 1-2 (ECS, 
2002). They were conducted using the finite element 
model described in Section 4 and the proposed ther-
mal properties in Section 2.  
Two Eurocode parametric curves (EU1 and EU2) 
were also considered. EU1 and EU2 curves represent 
the opening factors of 0.02 (EU1) and 0.12 (EU2) as 
they cover the entire range, and are conservative. 
Also EU1 (0.02) and EU2 (0.12) would be the ideal 
time-temperature curves for this investigation of 
non-load bearing LSF wall panels for real building 
fires as they include a rapid (EU2) and a prolonged 
(EU1) fire curve falling between the two extremes. 
Figure 8 shows these two Eurocode parametric 
curves developed for dwellings based on a fuel load 
density of 1138 MJ/m
2
 (ECS, 2002). Figures 8 (a) 
and (b) show the finite element analysis results in the 
form of temperature versus time for a non-load bear-
ing LSF wall panel (Specimen 8) under these two 
real design fire curves (ECS, 2002) and compare 
them with those under standard fire. Figure 8 (a) 
shows that the time-temperature profiles of non-load 
bearing LSF wall panels under the real design fire 
 (c) Test 7 (Composite panel)                       
(b) Test 4 (Cavity insulation)                                                 
(a) Test 3 (Double plasterboard)  
 
curve - EU1 are higher than those under the standard 
fire curve while Figure 8 (b) shows that the time-
temperature profiles for the real design fire curve - 
EU2 are lower than those under the standard fire 
curve. It is clear from Figure 8 (a) that real design 
fires such as EU1 can cause severe damage to LSF 
wall panels than standard fires. However, real design 
fires such as EU2 will not cause severe damage to 
these wall panels than standard fires (Figure 8 (b)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Time-temperature profile of test specimen 8 under 
real fire curves. 
6 CONCLUSIONS 
This paper has presented the details of a numerical 
study on the thermal performance of non-load bear-
ing LSF wall panels that included both the conven-
tional cavity insulated and the new composite panel 
walls. It includes the details of the developed finite 
element models of non-load bearing LSF wall pan-
els, the thermal analysis results from SAFIR under 
standard fire conditions and their comparisons with 
fire test results obtained by Kolarkar (2010). A good 
comparison with fire test results showed that accu-
rate finite element models can be developed and 
used to simulate the thermal behaviour of non-load 
bearing LSF wall panels with varying configurations 
of cavity and external insulations and plasterboards. 
The results showed that the use of cavity insulation 
was detrimental to the fire rating of walls. It not only 
led to higher temperatures in the steel studs, but also 
to larger temperature gradients across their depth and 
increased thermal bowing effects. In contrast, the use 
of external insulation led to lower temperatures and 
a more uniform temperature distribution in the steel 
stud cross-sections, thus providing greater thermal 
protection to the walls. The use of real design fire 
conditions based on Eurocode parametric curves 
showed that some real building fires can cause se-
vere damage to LSF wall panels than the standard 
fire specified in various fire codes while other real 
building fires are not as severe as the standard fire. 
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